The United Nations' Agenda 2030 marks significant progress towards sustainable development by making explicit the intention to integrate previously separate social, economic and environmental agendas. Despite this intention, the Sustainable Development Goals (SDGs) which were adopted to implement the agenda, are fragmented in their formulation and largely sectoral. We contend that while the design of the SDG monitoring is based on a systems approach, it still misses most of the dynamics and complexity relevant to sustainability outcomes. We propose that insights from the study of social-ecological systems offer a more integrated approach to the implementation of Agenda 2030, particularly the monitoring of progress towards sustainable development outcomes. Using five key features highlighted by the study of social-ecological systems (SESs) relevant to sustainable development: (1) social-ecological feedbacks, (2) resilience, (3) heterogeneity, (4) nonlinearity, and (5) cross-scale dynamics. We analyze the current set of SDG indicators based on these features to explore current progress in making them operational. Our analysis finds that 59% of the indicators account for heterogeneity, 33% for cross-scale dynamics, 23% for nonlinearities, and 18% and 17%, respectively, for social-ecological feedbacks and resilience. Our findings suggest limited use of complex SES science in the current design of SDG monitoring, but combining our findings with recent studies of methods to operationalize SES features suggests future directions for sustainable development monitoring for the current as well as post 2030 set of indicators.
Introduction
The major challenges currently facing the world, including persistent poverty, rising inequalities, biodiversity loss, and climate change, are increasingly recognized as the emergent outcomes of complex social and ecological interactions [1] [2] [3] [4] . Climate change, for example, is recognized as one of the major threats to global health because it affects disease patterns, water and nutrition security, and the severity and frequency of extreme weather events [5, 6] . Similarly, movements of resources through international trade and consumption patterns have been shown to affect biodiversity negatively by contributing to habitat destruction [7, 8] . These examples are far from unique, as more and more as bundles of ecosystem services [72] [73] [74] [75] . Diversity comprises variety, disparity, and balance between system components [76] . This may include biodiversity [77, 78] , diversity of knowledge systems [79] [80] [81] , diversity of livelihoods [82, 83] , and diversity or options for response to change [66, 84] . Socioeconomic and geographic heterogeneity can be assessed by disaggregation of phenomena according to some criteria. In other studies, social differentiation is depicted through gender, poverty, or income classes [69, 71, [85] [86] [87] , or through the intersections of such characteristics [88, 89] . Finally, multidimensionality has been used to illustrate system components with multiple dimensions not adequately portrayed through single metrics, e.g., poverty, human wellbeing, or ecosystem health [73, 90, 91] . We identify indicators that capture any of these aspects of heterogeneity by looking for those indicators that are disaggregated by socioeconomic criteria (e.g., gender, sector, etc.), biological diversity (e.g., genetic diversity), or indicators that highlight multiple dimensions (e.g., human wellbeing outcomes). Studies have shown that more diversity is not always good-given that too much diversity could reduce efficiency, and too little could reduce resilience-which emphasizes the need to capture this feature in indicator sets to determine whether or not there is too much, or too little, diversity.
Nonlinearity
Nonlinearity is defined by the disproportionality between inputs and outputs, unexpected outcomes, or multiple equilibria [92] [93] [94] . Studies have linked the outcome of feedbacks between variables [95, 96] and other factors, including emergence [97, 98] . These nonlinear outcomes can result in sharp transitions over thresholds, and ultimately regime shifts (i.e., large, abrupt, and persistent changes in the structure and function of a system) [99] [100] [101] . Despite this understanding, the underlying assumptions behind most sustainable development indicators are that the phenomena they are measuring are linear.
Measurements or indicators currently used to observe nonlinearity include flickering (i.e., a period of instability before a regime shift occurs [102] ), critical slowing down or increasing variance and autocorrelation, and recovery or return rate [103] [104] [105] . Because these variables generally require complex modelling, long term data, or both, and are therefore not immediately operable, we focused on the presence of stated or known thresholds in proposed indicators. These thresholds included any indicators with a defined limit or thresholds, as well as indicators for which we know existing approaches to define thresholds, e.g., the planetary boundary framework, ecological reserves, and limits [106] [107] [108] . We also use approaches that define minimum societal or individual requirements for development, such as the safe and just operating space [73, 109, 110] .
Cross-Scales Dynamics
Recognizing the critical importance of feedbacks between social and ecological systems, SES research also highlights the multi-and cross-scale nature of these intertwined SES connections and feedbacks across time and space [41, 111, 112] . Studies on these dynamics have highlighted the importance of biophysical teleconnections and social-ecological telecouplings that link transboundary as well as far distant systems to each other [15, 113, 114] . Similarly, temporal links such as legacy effects, path dependencies, and time lags are the impact of prior actions, processes, natural phenomena, or other circumstances on later conditions and the (often delayed) time it takes for that impact to manifest [41, 115] . Determining these cross-scale impacts is a difficult, but essential, task for sustainable development monitoring [12] . Such monitoring requires multi-scalar and multi-decadal data, or models where data are not available [105, 116] . As the current indicator set is proposed for national and global reporting (although problematic for capturing cross-scale feedbacks), we focus here on the temporal cross-scale aspects of monitoring and come back to spatial scale in the recommendations. From a review of SDG indicators, little is mentioned regarding temporal dynamics, and so we rather focus on exploring whether indicators are based on time series data, with more than 10 years of data available. While most of the temporal dynamics can be modelled in cases where relationships between variables are known [105, 117] , time series data can be used to establish relationships, which were previously unknown, by observing how variables vary together. Figure 1 summarizes the proportion of the 243 indicators assessed in our analysis. Appendix A provides the details about how each individual indicator scored across each feature. The feature of heterogeneity was found to be best represented by the SDG indicators assessed (59% of indicators). Indicators included those that track differences in social groups, differences in economic sectors, and diversity of components (e.g., genetic diversity). We found 33% indicators that have the potential to monitor the cross-scale (temporal) feature based on data availability for 10 or more years. The remaining SES features were accounted for in roughly the same percentages of indicators, with 23% of the indicators capturing nonlinearities through some form of thresholds, and 18% and 17% depicting social-ecological interactions and resilience, respectively. Apart from the indicators of social-ecological feedbacks (18%), the majority of the indicators aligning with the remaining four features were social indicators. Overall, more than 70% of the SDG indicators are social indicators. The five different features were not captured equally across goals ( Figure 2 ). Resilience was missing in five goals (1, 3, 7, 8, and 9) , and feedbacks were missing in four goals (5, 10, 16, and 17) . The rest of the features were represented across almost all the goals, and heterogeneity was captured in all goals. Below we expand on the findings for each of the features.
Results
Social-ecological feedbacks. Indicators of potential social-ecological feedbacks are featured in most goals (Figure 2) , and cover the topics of land use, natural disasters, and expenditure on conservation, waste management, and sustainable use of natural resources, among other areas. They included a mix of ecosystem-to-society and society-to-ecosystem flows, such as changes in water use efficiency (Goal 6, indicator 6.4.1) and material footprint per capita (Goal 8, indicators 8.4.1 and 8.4.2). They also included both material and nonmaterial flows, such as collection of waste in cities (Goal 11, indicator 11.6.1) and total expenditure on conservation (Goal 11, indicator 11.4.1). There were also indicators that captured actual feedbacks, e.g., mortality rate attributed to household and ambient air pollution (Goal 3, indicator 3.9.1).
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Social-ecological feedbacks. Indicators of potential social-ecological feedbacks are featured in most goals (Figure 2) , and cover the topics of land use, natural disasters, and expenditure on conservation, waste management, and sustainable use of natural resources, among other areas. They included a mix of ecosystem-to-society and society-to-ecosystem flows, such as changes in water use efficiency (Goal 6, indicator 6.4.1) and material footprint per capita (Goal 8, indicators 8.4.1 and 8.4.2). They also included both material and nonmaterial flows, such as collection of waste in cities (Goal 11, indicator 11.6.1) and total expenditure on conservation (Goal 11, indicator 11.4.1). There were also indicators that captured actual feedbacks, e.g., mortality rate attributed to household and ambient air pollution (Goal 3, indicator 3.9.1). Resilience. Indicators of resilience capacities were in 12 of the 17 goals. All but 2 of the 42 indicators that captured resilience capacities were social indicators. They were mainly concerned with laws and policies to increase the enforcement of national and international laws, to increase public participation in decision making, and to coordinate development assistance. For example, the number of countries reported progress in multi-stakeholder development effectiveness (e.g., Goal 13, Resilience. Indicators of resilience capacities were in 12 of the 17 goals. All but 2 of the 42 indicators that captured resilience capacities were social indicators. They were mainly concerned with laws and policies to increase the enforcement of national and international laws, to increase public participation in decision making, and to coordinate development assistance. For example, the number of countries reported progress in multi-stakeholder development effectiveness (e.g., Goal 13, indicator 13.3.1), monitoring frameworks that support the achievement of the sustainable development goals (Goal 17, indicator 17.16.1), or the proportion of transboundary basin area with an operational arrangement for water cooperation (Goal 6, indicator 6.5.2). Overall, governance aspects of resilience were spread across all but 5 goals (Figure 2) . Most of the governance indicators come from Goal 17, which is about commitment to global partnership and cooperation.
Heterogeneity. Indicators that captured the feature of heterogeneity were related to indicators in 12 goals that differentiated between a phenomenon by type or proportion. The bulk of these (81%, 117 indicators) comprised social indicators (e.g., Goal 1, indicator 1.1.1: Proportion of population below the international poverty line by sex, age, employment status, and geographical location) primarily used by development agencies, where it is important to specify the targeted beneficiaries of different interventions. Of the remaining indicators, 15% were social-ecological indicators (e.g., Goal 11, indicator 11.3.1: Ratio of land consumption rate to population growth rate), and fewer still (4%) were ecological indicators (e.g., Proportion of important sites for terrestrial and freshwater biodiversity that are covered by protected areas, by ecosystem type). Nonlinearities. Goals 3 and 4 are the only two of the 17 goals which did not have indicators with thresholds in them. These indicators primarily captured social, ecological, and social-ecological thresholds. While there were indicators with clear thresholds, such as the poverty line, other indicators did not explicitly state thresholds, but alluded to those defined elsewhere (e.g., the just space and the planetary boundary frameworks, which are threshold based frameworks) [107, 109] . Others still, such as Indicator 12.3.1: Global food loss index, do not have a clearly defined threshold, but clearly alludes to undesired outcomes in the food system and were included.
Cross-scale dynamics (temporal) . Of the 80 indicators with more than 10 years of reported data, over half have more than 25 years of reported data. These are mostly social indicators that have been reported for decades, such as the proportion of population below the poverty line. However, there were several ecological and social-ecological indicators too. Long term ecological indicators were primarily linked to protection and protected areas-e.g., Goal 15, Indicator 15.5.1: Red List Index, which is available for 37 years. There were also social-ecological indicators, e.g., Level of water stress: Freshwater withdrawal as a proportion of available freshwater resources (Goal 6, Indicator 6.4.2), which has been reported for the last 56 years. While these indicators did not convey information about temporal feedbacks, they fulfilled the minimum requirements to achieve this goal by existing over long periods, and therefore were available for temporal analyses and reporting. Nonlinearities. Goals 3 and 4 are the only two of the 17 goals which did not have indicators with thresholds in them. These indicators primarily captured social, ecological, and social-ecological thresholds. While there were indicators with clear thresholds, such as the poverty line, other indicators did not explicitly state thresholds, but alluded to those defined elsewhere (e.g., the just space and the planetary boundary frameworks, which are threshold based frameworks) [107, 109] . Others still, such as Indicator 12.3.1: Global food loss index, do not have a clearly defined threshold, but clearly alludes to undesired outcomes in the food system and were included.
Discussion
Cross-scale dynamics (temporal). Of the 80 indicators with more than 10 years of reported data, over half have more than 25 years of reported data. These are mostly social indicators that have been reported for decades, such as the proportion of population below the poverty line. However, there were several ecological and social-ecological indicators too. Long term ecological indicators were primarily linked to protection and protected areas-e.g., Goal 15, Indicator 15.5.1: Red List Index, which is available for 37 years. There were also social-ecological indicators, e.g., Level of water stress: Freshwater withdrawal as a proportion of available freshwater resources (Goal 6, Indicator 6.4.2), which has been reported for the last 56 years. While these indicators did not convey information about temporal feedbacks, they fulfilled the minimum requirements to achieve this goal by existing over long periods, and therefore were available for temporal analyses and reporting.
Moving from systems to complex adaptive systems approaches to account for the current hyper-connected, complex, and uncertain global context is proving popular across a number of domains, including sustainable development [22, 40] . Complex social-ecological system research provides a useful lens for analysis in moving towards more dynamic and systemic monitoring systems. Key features of social-ecological systems such as feedbacks, non-linearities, and resilience are not easy to operationalize [118, 119] . However, our findings highlight that there are areas of progress in making these features practical for sustainability monitoring. They also point to areas of sustainable development with relatively few current indicators capturing the key SES features, where future focus in SES theory development and their approaches could assist (Figures 1 and 2 ). Below we explore areas of progress, as well as areas where progress is not apparent, to provide recommendations for SDG monitoring with a focus on current indicators, as well as future iterations of the SDGs. Our evaluation suggests that some of the features of SES are easier to operationalize for monitoring than others. Heterogeneity, which we analyze using diversity, multidimensionality, and disaggregation measures, was captured by most indicators (59%). Almost all of these indicators particularly captured disaggregation aspects of heterogeneity, which mostly differentiates between age groups, gender, income, type of sector, and other socioeconomic differentiations, and have been highlighted as essential in Agenda 2030 to "leave no one behind" [71, [120] [121] [122] . Progress in methods for disaggregation of data has been rapid and serves a strong foundation for a complex systems approach to monitoring at local to global scales (e.g., [27] ). These approaches have been found to highlight power relations, conflicts, and trade-offs, as well as impacts that can potentially reinforce poverty [83, 123] . Multidimensionality was not very prevalent, but an increasing focus in research on poverty, equity, and human wellbeing as multidimensional could help to address the lack of such indicators currently proposed in the SDGs [73, 91] . However, the paucity of ecological indicators, and especially indicators of ecological diversity in the SDG indicator set, is a limitation. The wide range of research and data on this topic offers potential to rapidly close this gap [67, 124, 125] . Considering the evidence of the role of enhanced diversity in sustainability and resilience outcomes, a key recommendation would be to focus indicator development on capturing diversity in social, ecological, and social-ecological variables. Research on functional and response diversity highlights this importance and provides examples of potential indicators for use in current SDG monitoring, as well as future indicator development [126, 127] .
Cross-Scale Dynamics
Many indicators showed potential for capturing temporal dynamics due to the presence of time series data for those indicators (33% have at least 10-year time series). Most SDG indicators have existed for long periods of time, with some already starting in the 1940s following the formalization of international development and the subsequent establishment of institutions such as the United Nations, the World Bank, and the Food and Agriculture Organization. However, the existence of time series data does not mean that temporal dynamics will indeed be captured. This would require interactions between two or more factors to be established (for attribution), after which the relationship between them can be tracked overtime. It is also complicated by questions of what length of time is 'long enough' to capture effects [128] and assumptions of how to capture impacts [129] . This raises questions around the fit-for-purpose nature of the time series data available, suggesting the need for new datasets as well as new technologies able to model such data where it is missing. The focus on capturing and avoiding or negotiating trade-offs between SDGs is a major focus of current attention. Complex SES approaches emphasize the need to be able to make such trade-offs clear, not just between SDGs, but also over time and space to reveal hidden trade-offs. The availability of time series data, combined with recent advances in modelling, is increasingly making it possible to reveal temporal dynamics such as legacy effects and time lags [10, 105, 117, 130] . When combined with scenario models and assessments, these indicators also provide an opportunity of exploring future consequences and dynamics and should be a focus of future monitoring efforts. While not explored in this analysis, the challenge of spatial cross-scale dynamics must also be highlighted. Currently, the focus is on national and global indicators, which will not be sufficient to highlight important cross-scale feedbacks and trade-offs within and between SDGs. This is especially important to explore important aspects, including teleconnections, surprise, and cascading effects that tend to dominate in poverty contexts [1, 100, 131] . New techniques and datasets present opportunities to capture this interplay between ecosystems and societies at multiple scales (see review in [22, 132] ).
Nonlinearities
Not many current SDG indicators captured nonlinearities, which we assessed by evaluating the presence of thresholds relating to social, ecological, and social-ecological systems within the indicators. Those that did capture thresholds focused primarily on social thresholds as minimum standards, above which people should be lifted [133] . Even within these indicators, and across all SDG indicators, lie assumptions of linear (and infinite) improvements ( Figure 1 ), a major gap in SDG monitoring efforts. Furthermore, while the research and datasets for thresholds and non-linear effects are still relatively new and under development [99, 106, 107] , some potential for improvement lies in several SDG indicators that use data, or variables, in which thresholds are known or predicted [106, 107] -for example, use of nitrogen and phosphorus in agricultural systems [52, 53] . This presents an opportunity to link these indicators to thresholds in the monitoring and reporting processes. Wilcock et al., 2016 in their review of the non-linear aspects of complex systems also highlight the challenges posed by current global indicators and the lack of early warning systems [134] . They point to hybrid models as a way to generate understanding of system trade-offs associated with non-linearities, an avenue that could be explored to prepare for post-2030 monitoring systems.
Social-Ecological Feedbacks
The paucity of SDG indicators that capture social-ecological feedbacks (18%) is a cause for concern. Advances in capturing them are already available from multiple areas of study, including ecosystem services [135] [136] [137] [138] , social-ecological metabolism [45, 139, 140] , and many other human-nature frameworks [141, 142] , highlighting their importance to many fields of study [47, 143, 144] . It is a key requirement to capture the effects of ecosystem change on human wellbeing, and the resultant consequences of changes in wellbeing for ecosystems. Feedbacks are at the core of an SES approach to monitoring-both as a cause of features, such as non-linearities, temporal dynamics, and resilience capacities, and also as a consequence of system changes with strong roles in trade-offs, especially important in spatial and temporal cross-scale trade-offs [145] . An SDG monitoring system needs to, therefore, be designed to capture key feedbacks, as well as be able to account for unknown and unpredictable feedbacks as they emerge. New approaches that are able to conceptualize and analyze the system in a more integrated fashion, or at a macro-level scale, offer some promise (e.g., [146, 147] ).
Resilience
The topic of resilience and resilience indicators are a focus of much research and policy efforts. However, fewer efforts are targeted at the notion of resilience as a system property shaped by, and shaping, the SES features [148] . Our analysis here focused mostly on resilience as it related to system governance and management, while resilience of the system has been shown to be strongly reliant on the other features listed here, e.g., feedbacks and diversity. The low numbers of indicators capturing resilience of governance and management of systems is possibly due to the challenge of quantifying these factors [56, 62] and their context-specific nature. However, progress in the monitoring of management effectiveness and governance suggest indicators for use [56] . Research on resilience has especially highlighted the need to foster complex systems approaches and learning [43, 63, 149] within the governance and management of social-ecological systems. This extends to their use in the development of SDG monitoring systems and could well prove useful as nation states implement and tailor the SDGs and their indicators for use in their contexts [150] [151] [152] . Furthermore, new research on absorptive, adaptive, and especially transformative capacities [153] [154] [155] offer useful avenues for indicator development. This research has also highlighted the differences between these capacities, suggesting the need for indicators that track each separately rather than assuming that higher levels of adaptive capacity are also good for transformative change [153] [154] [155] .
Moving towards Dynamic System Indicators for Sustainable Development
For sustainability to be truly achieved, systems need to be understood not only in terms of the connections among the different components within them, but also the dynamic character of these connections [44] (). In addition to biophysical feedbacks and thresholds [106, 107] , social feedbacks and thresholds [73, 156] , it is also important to understand thresholds resulting from the interactions between social and ecological systems [157, 158] . It is crucial to distil how social and economic targets (such as ending poverty or increasing GDP) primarily affect, and are affected by, ecological targets (such as life on land and life under water). This is akin to observing 'shadow effects' where social indicators have 'ecological shadows' and vice versa. With limited social-ecological feedbacks and nonlinearities captured in the SDG (Figure 2 ), there is a possibility that warning of important tipping points will be missed that could have profound consequences. A future focus on the social-ecological nature of systems and systems changes, as well as an acknowledgement of the importance of heterogeneity within and between systems, is key to future efforts to track and adaptively manage sustainable development.
Indicators. Just under 40% of the indicators are conceptually clear, have internationally established methodology and standards, and data regularly produced by countries (UN 2017). The reliance on existing conventional data and indicators will not be sufficient to effectively monitor sustainable development [159] . There are too many individual indicators with no clear indication of what the 'combined outcome' of all SDGs will look like [33, 36] . This will likely result in uncoordinated and disparate monitoring of indicators, which creates a monitoring burden and often results in silos of implementation [160, 161] . To deal with this proliferation problem, it has been suggested to focus on 'essential' variables for SDGs that are indispensable and capture the system's essence, coordination areas, and system transformation [21] . Such forms of indicators focus on the macro level, where sustainability and other system outcomes are realized, rather than the reductionist separation at the micro level, from which such emergence will not be visible. Systems level indicators will be integral to wider monitoring efforts, and in combination with other indicators, should give an indication of the general trajectory of the system as a whole [162] . 
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